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Background: The aim of this study was to identify the types and prevalence of absence of the celiac trunk by using multidetector computed tomography (MDCT) angiography, and analyze their probable embryological mechanisms. Methods: A retrospective study was carried out on 2,500 abdominal MDCT angiography images.
The absence of the celiac trunk was defined as that the celiac trunk is not exist, more specifically, there is not such an arterial trunk containing at least two major branches of the celiac trunk. Various types of the absence of the celiac trunk were investigated. Results: Of the 2,500 patients, 19 (0.76%) patients were identified as an absence of the celiac trunk. According to its definition and classification, the absence of the celiac trunk could be divided into five types: type I (LGA + CHA + SA + SMA), type II (HM trunk + LGA + SA), type III (SM trunk + LGA + CHA), type IV (GM trunk + CHA + SA), and type V (other type); and these types were observed in 5 patients (0.20%), 9 patients (0.36%), 3 patients (0.12%), 0 patients (0.00%) and 2 (0.08%) patients, respectively. There were more examples of the types I and II than of the types III-V (P = 0.004). Conclusions: We systematically classified the absence of the celiac trunk based on its MDCT angiography findings. Abnormal interruptions and persistence of the longitudinal anastomosis, and regression of vascular root and emergence of replaced artery could all be the embryological mechanisms of various types of the absence of the celiac trunk.
Background
The celiac trunk, also referred as the celiac artery or the celiac axis, constitutes a surgically significant splanchnic branch of the abdominal aorta and thus it has been 3 studied thoroughly. The current textbook definition of celiac trunk is an arterial trunk originating from the abdominal aorta to the branching point of the common hepatic artery (CHA) and the splenic artery (SA), with the left gastric artery (LGA) being the first branch also stemming from the arterial trunk, namely the so called its normal trifurcation pattern [1] . This typical trifurcation consists of a true tripod and several false tripods [2] . However, considerable variants on the branching pattern of the celiac trunk have been observed in previous autopsy and radiological studies [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] .
The absence of the celiac trunk in variants of the celiac trunk is the rarest type, previous studies have defined as that it does not exist for celiac trunk, and specially indicated the CHA, SA and LGA originating separately from the abdominal aorta [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . However, in our daily clinical work, we found that the absence of the celiac trunk is not limited to the CHA, SA and LGA originating separately from the abdominal aorta, it can also occur in other forms of anatomical variant. For example, a hepatomesenteric trunk with LGA and SA arising separately from the abdominal aorta, and a splenomesenteric trunk with LGA and CHA arising separately from the abdominal aorta, in these variants, the celiac trunk also does not exist and they should also be consistent with the absence of the celiac trunk. Therefore, there should be a more accurate definition on the absence of the celiac trunk, and its types need to be further explored.
The aim of this study is to create a more accurate definition on the absence of the celiac trunk, and use multidetector computed tomography (MDCT) angiography to identify its types and prevalence in a large study population. We also discuss their clinical implications and the probable embryological mechanisms by which to explain these observed variants. 4 
Methods

Patients
Protocols used in this study were approved by the Health Ethics and Research Committee of the authors' hospital, and the requirement for informed patient consent was waived due to the retrospective nature of the study. Between August 2014 and July 2017, a total of 2,862 adult patients underwent abdominal multiphase enhanced MDCT scans and angiography. Data obtained during the arterial phase were used retrospectively to evaluate the anatomy as well as the origination sites of the celiac trunk and its major branches. Exclusion criteria applied were the presence of any condition likely to affect normal vascular anatomy, the MDCT scan or any image reformation that encountered technical deficiency.
MDCT examinations
Abdominal MDCT was performed on either a 64-row MDCT scanner (GE Healthcare, United States) or a 256-slice MDCT scanner (Philips Healthcare, Cleveland) with a coverage extending from the dome of the diaphragm to the inferior margin of the right kidney or the symphysis pubis. The scan parameters were as follows:
collimation of 64 × 0.625 mm or 256 × 0.5 mm and table speed of 64 or 256 mm per rotation. The following were applied to all scans: pitch 0.984, matrix 512 × 512, field of view 180-240 mm, tube voltage 120 kV, and tube current 300 mA.
Multiphase enhanced MDCT images were obtained in a craniocaudal direction during the hepatic arterial, portal venous, and equilibrium phases. A dual-head power injector was used to administer contrast agent (Ultravist; Bayer Schering Pharma, Berlin, Germany) at 370 mg of iodine per milliliter and 30 mL of sterile saline (0.9% NaCl). The contrast agent and saline solution were injected at 4 mL/sec through an 18-gauge plastic intravenous catheter placed in an antecubital vein. Contrast agent volumes were delivered at 2 mL/kg body weight, and the upper limit of dose was set to 120 mL for every patient. Images of the hepatic arterial, portal venous and equilibrium phases were acquired respectively at 20, 50 and 120 s after completion of the contrast medium administration.
Image analysis
For the purposes of this study, only the data obtained during the arterial phase were downloaded onto an off-line workstation (ADW 4.3; General Electric Healthcare, Milwaukee, USA) for image post-processing and analysis. We used multiplanar reformation (MPR) in three spatial planes and 3-D reformation using volume rendering (VR) and maximum intensity projection (MIP). Images were reformatted and analyzed by three abdominal radiologists with 6, 16, and 25 years of experience, respectively. The radiologists independently assessed each scan with respect to origination sites and the anatomy of the celiac trunk and its major branches. In cases with discrepancy, the images were reviewed again, with careful correlation among the radiologists. The anatomy was thereby determined by majority opinion. For the study of variant patterns of the absence of the celiac trunk, we developed a classification (Table 1 ). Statistical analysis was done with the Statistical Package for the Social Sciences version 22.0 (SPSS, Chicago, IL, USA).
Definition and classification for absence of the celiac trunk
We analyzed the variant patterns of the absence of the celiac trunk according to the origins for the five major arteries-the celiac trunk, superior mesenteric artery (SMA), LGA, CHA, and SA-with adherence to our definitions of the celiac trunk and the absence of the celiac trunk. We defined the celiac trunk as an arterial trunk 6 containing at least two of its major branches irrespective of its origin and anatomic course which was described in our previous study [1] , and the absence of the celiac trunk as that the celiac trunk is not exist, more specifically, there is not such an arterial trunk containing at least two major branches of the celiac trunk.
With the definitions of the celiac trunk and the absence of the celiac trunk, various variant types of the absence of the celiac trunk can be objectively described. In order to comprehensively describe results of a systematic analysis of variant patterns of the absence of the celiac trunk, we developed a new classification.
According to the origination sites of the celiac trunk and its major branches, the absence of the celiac trunk can be theoretically divided into five types (Table 1) . By integrating data obtained from the analysis of MDCT angiographic images, we classified variants of the celiac trunk and its major branches in the absence of the celiac trunk. Finally, we suggest hypothetical embryological mechanisms by which to explain the observed variants.
Results
A total of 362 patients were excluded from our study; 341 of them had a pathological condition affecting normal vascular anatomy, twenty-one MDCT examinations were considered technically inadequate, including insufficient arterial contrast enhancement (5 patients), motion artifact (3 patients) and post-processing deficiency (13 patients), which caused difficulty in identifying the anatomical origins of the celiac trunk or its major branches. Then, a total of 2,500 patients, 1,811 men and 689 women, were included once each in the study, with an age range of 18 to 82 years (mean age, 50.4 ± 13.8 years).
Incidence of absence of the celiac trunk 7
A total of 2,243 (89.72%) of the 2,500 patients had a normal aortic origin of celiac trunk and its major branches. Variants of celiac trunk were observed in 257 (10.28%) of the patients. The absence of the celiac trunk was observed in 19 (0.76%) patients in these celiac trunk variants. Among them, 15 were males (0.83%, 15/1,811) and 4 were females (0.58%, 4/689) (P = 0.524), with male and female ages ranging from 34 to 79 years (mean age, 52.87 ± 11.42 years) and 41 to 58 years (mean age, 50.25 ± 7.18 years) (P = 0.589), respectively. Table 2 shows the percentages for various types of absence of the celiac trunk.
Types and percentages of absence of the celiac trunk
According to its variant patterns, the absence of the celiac trunk can be classified into five types. There were more examples of the type I (5 patients) and type II (9 patients) than of the type III (3 patients), type IV (0 patient) and type V (2 patients) (P = 0.004).
Type I (LGA + CHA + SA + SMA), is the classical and most motioned type of absence of the celiac trunk, with the LGA, the CHA, the SA and the SMA originating separately from the abdominal aorta ( Fig. 1a ). It was found in 26.31% (5/19 ) in the patients with absence of the celiac trunk and in 0.20% (5/2,500) in all patients studied, was the second most common type.
Type II (HM trunk + LGA + SA), a hepatomesenteric trunk with the LGA and the SA arising separately from the abdominal aorta ( Fig. 1b) , was found in 47.36% (9/19) in the patients with absence of the celiac trunk, and 0.36% (9/2,500) in all patients studied. It was the most frequent type observed.
Type III (SM trunk + LGA + CHA), a splenomesenteric trunk with the LGA and the CHA arising separately from the abdominal aorta (Fig. 1c) , was found in 15.79% (3/19) in the patients with absence of the celiac trunk, and 0.12% (3/2,500) in all 8 patients studied.
Type IV (GM trunk + CHA + SA), which is a gastromesenteric trunk with the CHA and the SA arising separately from the abdominal aorta, but this type was not found in our study.
Type V (other type), that is, any other variant that meets the definition of the absence of the celiac trunk, was found in 10.53% (2/19) in the patients with absence of the celiac trunk, and 0.08% (2/2,500) in all patients studied. One patient was found to be the LGA arising directly from the abdominal aorta, with the CHA and the SA originating from the SMA at two different sites (Fig. 1d) . Another patient was observed to be a SM trunk with the CHA arising from the abdominal aorta, but the
LGA originating unusually from the proper hepatic artery (Fig. 1e ).
Concomitant other branch variants of absence of the celiac trunk
Concomitant variants of other branches in the absence of the celiac trunk included 1 patient with a gastroduodenal artery arising from the SA (Fig. 1a ), 1 with the left hepatic artery arising from the LGA (Fig. 1d ), and 1 with an arc of Bühler (AOB) communicating with the CHA and the SMA (Fig. 1f ). The LGA, CHA, SA and SMA of the remaining 16 patients with absence of the celiac trunk were not found to be associated with variant in their main branches.
Other variants of celiac trunk
In the 2,500 patients, six other types of variants in the celiac trunk and SMA were also observed in a total of 238 (9.52%) of these patients. The most common variants were HM trunk + GS trunk and celiomesenteric trunk, which were found in 103 (4.12%) and 85 (3.4%) of the patients studied, respectively. In addition, SM trunk + HG trunk, GS trunk + CHA + SMA, HS trunk + LGA + SMA and HG trunk + SA + SMA were observed in 27 (1.08%), 13 (0.52%), 7 (0.28%) and 3 (0.12%) patients, 9 respectively.
Discussion
The celiac trunk usually divides into three branches-the LGA, CHA and SA.
However, many variant patterns of the celiac trunk have been described. In a review of the literature, on 2,141 cadavers, 87.6% of celiac trunks had the classical trifurcation, 12.2% presented an incomplete bifurcated celiac trunk and 0.2% was absent [5] . On a large series of patients (10,750 patients from 19 studies), the typical three branched celiac trunk (complete celiac trunk) occurred in 90.70% of patients, the incomplete celiac trunk in 6.09% of patients, and the absence of the celiac trunk only in 0.19% of patients [6] . The absence of celiac trunk was extremely rare, existing classifications were rarely described excepting some case reports [2, [4] [5] [6] 12] .
There have been many attempts to classify the different branching patterns of the celiac trunk. Lipshutz [7] seems to have been the first and suggested a classification of the celiac trunk into four types. Adachi [8] presented a more detailed classification, whereas two other commonly used classifications were suggested by Morita [9] and Michels [10] . The first classification system that included an absent celiac trunk as a morphological type was that of Morita. However, all these existing classifications failed to describe the anatomic details or 10 further classify for the absence of the celiac trunk. In these studies, the absence of the celiac trunk was narrowly defined as that each of all its branches arise separately from the abdominal aorta, but excluded any HM trunk + LGA + SA, SM trunk + LGA + CHA, or GM trunk + CHA + SA. Our new classification defines the absence of the celiac trunk as that the celiac trunk is not exist, more specifically, there is not such an arterial trunk containing at least two major branches of the celiac trunk. This definition indicates that the absence of the celiac trunk should also include HM trunk + LGA + SA, SM trunk + LGA + CHA, GM trunk + CHA + SA, and any other variant that conforms to the definition, in addition to LGA + CHA + SA + SMA, which thus results in a higher prevalence (0.76%) in our study population.
The absence of the celiac trunk was found in 19 patients in our 2,500 patients studied by the MDCT angiography which should be the most samples so far.
Here, we first describe the anatomic details of the absence of the celiac trunk and further classify it into different types which have not been seen in the previous literature. By reviewing previous studies and combining with the present findings on the absence of the celiac trunk, we propose a new and useful classification: Type I,
LGA + CHA + SA + SM; type II, HM trunk + LGA + SA; type III, SM trunk + LGA + CHA; type IV, GM trunk + CHA + SA; and type V, other type. The new definition and classification are not only helpful for assessing its variant patterns, but also to analyze the potential embryological mechanisms which led to variant formation.
Tandler [13] stated that four primitive ventral vascular roots (namely LGA root, CHA root, SA root, and SMA root) stem form the abdominal aorta during the early phase of embryogenesis and that these roots are interconnected by a longitudinal anastomosis. During normal development the longitudinal anastomosis is interrupted between roots 3 and 4, thereby resulting in anatomic separation of the celiac trunk from the SMA (Fig. 2a) . The misplacement of the longitudinal anastomosis leads to the development of variants in the celiac trunk and SMA. Our new classification on the absence of the celiac trunk enables us to further analyze the embryological mechanisms of its various types.
Type I of the absence of the celiac trunk may be a primitive type, in which LGA, CHA, SA and SMA originate separately from abdominal aorta. This type can be due to abnormal interruptions of the longitudinal anastomosis among all four roots during embryonic development (Fig. 2b) . Since the origins of the LGA, CHA and SA approximate at the same level, the up and down position among the three arteries may not be invariant in human embryos. If the root 3 is CHA and the abnormal interruptions occur among roots 1-3, a type II (HM trunk + LGA + SA) would form ( Fig. 2c) ; if the root 3 is SA, the abnormal interruptions would result a type III (SM trunk+ LGA + CHA) (Fig. 2d) ; however, only very rarely, the root 3 could be LGA, an extremely unusual type IV (GM trunk + CHA + SA) may occur (Fig. 2e ). The type IV may also be attributed to a complete regression or absence of root 1, with a replaced LGA arising from SMA, while the abnormal interruptions occur among roots 2-4. Usually, the LGA root is the highest one and the SMA root is the lowest one, they cannot interconnection with each other. Therefore, the type IV is not found in our study, but it is theoretically possible.
The type V can also be explained by abnormal interruptions and persistence of the longitudinal anastomosis, and regression of vascular root and emergence of replaced artery during embryonic development (Fig. 2f ). Such as one of our patients, a SM trunk + LGA with the CHA arising from the distal segment of the SMA, may be attributed to a complete regression or absence of root CHA, with a replaced CHA arising from SMA. The type V is often presented as a variety of very complex and rare variants. Iyori et al [12] reported a special patient, abdominal aortography did not show the celiac trunk, selective arteriography of the SMA showed a dilated and elongated pancreaticoduodenal artery, which led to the gastroduodenal artery, CHA, proper hepatic artery, SA, and other arteries originating from the celiac trunk.
It may be attributed to complete regression or congenital absence of the celiac trunk.
The absence of the celiac trunk has important clinical significance in abdominal vascular surgery, such as in liver transplantation [14] , acute mesenteric occlusion, laparoscopic surgery and interventional procedures in the upper abdomen, specifically when considering the Appleby procedure [15] . Identification of celiac trunk variants may avoid vascular complications during procedures or lead to target embolization in transcatheter arterial chemoembolization. Although abdominal aortic aneurysm with absence of the celiac trunk is extremely rare, complete preoperative MDCT angiographic visualization of the visceral vessels is needed to achieve vascular control of the upper abdominal aorta in patients with significant intraperitoneal bleeding caused by a ruptured aortic aneurysm [16] [17] [18] . The variants of absent celiac trunk may be decisive when planning surgical or radiological upper abdominal procedures. The MDCT is a safe and reliability, convenient and rapid way to assess the celiac trunk variants. We hope that the present study would help to minimize complications related to abdominal surgery, including bleeding and necrosis, as well as facilitate better and more accurate radiological interpretation.
The present study has some limitations. First, it was performed retrospectively.
Second, it was conducted based on image interpretations performed by means of consensus opinion. Third, the Type IV (GM trunk + CHA + SA) of absence of the celiac trunk was not found in our patients, we need more data to see if it exists.
However, the new classification enables us to describe in detail various types of absence of the celiac trunk, and discuss their probable embryological mechanisms.
Conclusions
In conclusion, we have developed a new definition and classification on the absence of the celiac trunk, and used MDCT angiography to identify its types and prevalence in a large study population. By integrating these variants, we were able to generate hypothetical embryological mechanisms to explain all observed variants. Abnormal interruptions and persistence of the longitudinal anastomosis, and regression of vascular root and emergence of replaced artery could be the embryological mechanisms of the absence of the celiac trunk.
Declarations Definition and type Description
Definition Absence of the celiac trunk We defined the absence of the celiac trunk as that the celiac tru exist, more specifically, there is not such an arterial trunk contai least two major branches of the celiac trunk.
Type (abbreviation)
LGA + CHA + SA + SMA (type I) LGA LGA left gastric artery, CHA common hepatic artery, SA splenic artery, SMA superior mesenteric artery Table 2 Types and percentages of the absence of the celiac trunk ( n = 2,500)
18 LGA left gastric artery, CHA common hepatic artery, SA splenic artery, SMA superior mesenteric artery. *Normal anatomy refers to hepatogastrosplenic trunk plus SMA Schematic diagram of embryologic development for the absence of the celiac trunk. The prim
